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Abstract

Lynch syndrome is an inherited disease caused by a germline mutation in one of four DNA mismatch
repair (MMR) genes. The clinical manifestations can be somewhat variable depending upon which
gene is involved, and where the mutation occurs. Moreover, the approach to the diagnosis of Lynch
syndrome is becoming more complex as more is learned about the disease, and one needs to
understand how the DNA MMR proteins function, and what makes them malfunction, to have an
optimal appreciation of how to interpret diagnostic studies such as microsatellite instability and
immunohistochemistry of the DNA MMR proteins. Finally, an understanding of the role of the DNA
MMR system in regulation of the cell cycle and the response to DNA damage helps illuminate the
differences in natural history and response to chemotherapeutic agents seen in Lynch syndrome.
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Introduction

Lynch syndrome is the hereditary disease caused by a germline mutation in one of four different
human DNA mismatch repair (MMR) genes. This disease is inherited in an autosomal dominant
fashion, and gives rise to familial clusters of cancers of the colon, endometrium, and other
sites; the tumors have some characteristic pathological features and have an unusually early
age of onset. With one exception (the Muir-Torre syndrome), there is no premorbid phenotype
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for this disease. However the tumors are best recognized by virtue of the unique mutational
signature, microsatellite instability (MSI), that is present in the tumor tissue [1].

This review will focus upon the basic biology of defective DNA MMR, and provide correlation
between the underlying mechanism of the disease and the clinical spectrum observed in Lynch
syndrome. The defective DNA MMR activity is thought to be responsible for the unique
phenotypic abnormalities seen in these tumors, including the more rapid adenoma-to-
carcinoma transition, and the differential response to chemotherapy seen in this disease. Also,
depending upon which of the DNA MMR genes is mutated, a slightly different clinical
spectrum of disease may occur.

The DNA MMR system

The DNA MMR system consists of several nuclear proteins that act in concert to detect and
repair errors that occur during the S phase of DNA replication. The critical elements of the
DNA MMR system most relevant to Lynch syndrome are the MutS homologue (MSH) family
and MutL homologue (MLH) family of proteins. As illustrated in Fig. 1, the MSH proteins
always work as heterodimers. MSH2 is an obligatory partner in the system, and it may dimerize
with either of two other family members: MSH6 or MSH3 [2]. The MSH2-MSH6 (MutSa)
heterodimer preferentially recognizes and binds single base pair mismatches, such as the G-T
mismatch illustrated in Fig. 1A, or mononucleotide repeats as shown in Fig. 1B. Through an
energy-requiring process, free MutSe interacts with DNA at the site of a mismatch, exchanges
ADP for ATP, and forms a sliding clamp around the DNA [3]. Alternatively, the MSH2-MSH3
pair (called MutSp) preferentially recognizes larger “loop-out” errors, which can occur at
dinucleotide repeats or other repetitive sequences.

MutS heterodimers signal the site of mispairing, however additional proteins are required to
complete the repair process. The MutL family of proteins consists of one obligatory partner,
MLH1, which may dimerize with PMS2, PMS1, or MLH3 (not shown in Fig. 1). Little is
known about the MutL family beyond the function of the MLH1-PMS2 heterodimer, which is
called MutLa. This heterodimer has endonuclease activity [4], interacts with the MutS-DNA
complex, and together with Exol, PCNA, and other enzymes required for DNA synthesis, the
newly synthesized strand containing the error is excised, followed by resynthesis [5]. Repair
of replication errors is required for the transition from S phase through G2 to mitosis [6].

Microsatellite Instability (MSI)

The absence of MSH2 or MLH1 leads to complete loss of DNA MMR activity. As a result,
DNA synthetic errors accumulate at an accelerated rate as the cells proliferate. Therefore, tumor
DNA from cancers with deficient DNA MMR activity has the characteristic mutational
signature called MSI. As illustrated in Fig. 2, one can select a panel of five microsatellite
sequences, amplify them by PCR, and compare these with the amplicons obtained at the same
sequences in that individual's normal tissues [7]. In most instances, the mutations at the
microsatellite sequences result in a deletion of one or more of the mononucleotide or
dinucleotide elements, resulting in a shorter sequence. This can be detected when the PCR
products are resolved by size using HPLC. A significant degree of MSI is called MSI-high
(MSI-H), and is defined by the presence of mutations at two or more of the 5 consensus
microsatellite sequences. Most CRCs have no mutated microsatellite sequences, so they are
called “microsatellite stable” (MSS). Occasional tumors have only 1/5 ofthe microsatellites
sequences mutated, and these are referred to as MSl-low, or MSI-L. Biologically, MSI-H
cancers behave differently than those that are MSS or MSI-L, and subsequently in this review,
MSI means MSI-H.
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Target genes that mediate carcinogenesis in MSI tumors

It is thought that most of the mutations at the microsatellite sequences used to detect MSI in
CRCs are not mechanistically responsible for the behavior of tumor cells. However, there are
approximately 32 target genes in the human genome in which there is a mononucleotide repeat
of seven or more elements (i.e., A1g, Gg, etc) in the coding sequence of the gene product [8].
The deletion of one of these elements leads to a frame shift, and loss of function of that gene.
Longer repetitive elements are more prone to mutation than shorter ones.

The most commonly mutated gene in MSI-H tumors is the TGFS1R2 gene, which contains an
Aqp sequence. This gene product is required for negative growth signaling through TGFS-
SMAD cascade. Most of the genes shown in Table 1 are either involved in the regulation of
growth, the regulation of apoptosis, or are genes involved in DNA repair. Perhaps critical to
the altered behavior of Lynch syndrome tumors, the BAX gene has a Gg sequence found in its
coding region, and this sequence is mutated in approximately half of all tumors with MSI [9].
Curiously, each of the “minor” DNA MMR genes (i.e. MSH6, MSH3, MLH3, and PMS2) has
a repetitive sequence of eight or more nucleotides in its coding sequence [10]. Furthermore,
MSH2 has an encoded A7 sequence. Thus, once DNA MMR activity is reduced, other genes
in the MMR family are prone to mutation at these repetitive sequences, leading to a progressive
process in which the entire system can be inactivated [11]. Loss of DNA MMR activity greatly
accelerates the rate of accumulation of mutations in genes responsible for restraining cell
growth. This provides a reasonable hypothesis for the rapid growth of adenomas and transition
to carcinoma seen in Lynch syndrome.

Cell models used to study human DNA MMR

Several cell models are available to study the underlying biology of defective DNA MMR in
vitro. The HCT116 colon cancer cell line has biallelic mutations in the MLH1 gene. The HEC59
and LoVo colon cell lines both have biallelic mutations of the MSH2 gene. The DLD1 colon
cancer cell line has mutations of the MSH6 gene. Furthermore, cell lines have been developed
from these by stable chromosome transfer, which permits one to study the biology of these
cells after restoration of DNA MMR activity. The HCT116+chr3 cell line has undergone a
stable transfer of chromosome of 3 into the cells, which corrects the defect of MLH1 [12].
HEC59+chr2 and LoVo+chr2 cells have both had stable transfer of chromosome 2, which
corrects the MSH2 defect [13,14]. The HEC59 cell line has mutations in MSH2 and MSH®,
and both are corrected by the stable transfer of chromosome 2 into this cell line.

Most CRCs with MSI are not caused by Lynch syndrome. A more common mechanism for
loss of DNA MMR activity in CRC is epigenetic inactivation of the MLH1 gene by methylation
of the promoter. The cell lines SW48 and RKO both have this defect, and these cells can be
rendered DNA MMR proficient by the use of demethylating agents in vitro, which leads to re-
expression of MLH1 in 24-48 h [15].

The use of these in vitro models has permitted us to observe the protein—protein interactions
in the DNA MMR family, and provides insight into the biological features of defective DNA
MMR activity. Figure 3 is a series of PCR gels and Western blots in which the upper panel
(RT-PCR) represents the reverse transcriptase-PCR analyses of gene expression, and the lower
panels demonstrate protein expression in these cells [16]. The cell line SW480 is a control CRC
cell line with intact DNA MMR activity. As shown in the second lane from the left, HCT116
cells have a weak MLH1 band in the upper (RT-PCR) panel because of biallelic mutations in
MLH1. The lower panel demonstrates no expression of MLH1 protein, illustrating the
pathological nature of the mutation. Importantly, in spite of the robust presence of mRNA for
the PMS2 gene in the upper panel, there is no corresponding PMS2 protein in the lower panel.

Fam Cancer. Author manuscript; available in PMC 2010 March 31.
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Thus, mutational inactivation of MLH1 leads to destabilization of the PMS2 protein,
presumably because of rapid turnover in the absence of a stabilizing protein binding partner.
As shown in the third lane, restoration of MLH1 by stable transfer chromosome 3 leads to an
increase in the RT-PCR band for MLH1, and the appearance of both MLH1 and PMS2 proteins
in the lower panels.

The cell line LoVo has mutations in both alleles of MSH2, which leads to a complete loss of
its MRNA, so there is no band in the upper RT-PCR panel. As shown in the lower panel, the
loss of MSH2 protein leads to the loss of MSH2, MSH6, and MSH3 proteins, because the latter
two require MSH2 for stabilization. The next lane illustrates DLD1, which has a missense
mutation in the MSH6 gene. This mutation does not lead to loss of the MRNA; however there
is complete loss of functional MSH6 protein. Because MSH6 is a “minor” MMR protein and
plays no role in stabilizing other MutS proteins, its absence does not lead to the loss the other
MutS proteins. MSH2 compensates for loss of MSH6 by binding to MSH3, as illustrated in
the Western blots.

The cell line HCT15 (in the far right lane) is the parental line from which DLD1 was derived,
and it shows the same molecular features as seen in DLD1. The cell line SW48 (in the 2nd lane
from the right), has undergone methylation and silencing of the MLH1 gene. This leads to a
total loss of the mRNA for MLH1, and a total loss of the proteins MLH1 and PMS2. Although
not shown here, after demethylation of the MLH1 gene in vitro, both MLH1 and PMS?2 are re-
expressed.

Clinical implications of the biochemistry of human DNA MMR

Figure 3 demonstrated that MSH2 is required to stabilize both MSH6 and MSH3, but the
reverse is not true. If MSH2 is absent, there isno DNA MMR activity. If either MSH6 or MSH3
is the only absent protein, some DNA MMR activity is preserved. Furthermore, whereas the
absence of MSH2 will lead to the loss of all DNA MMR activity, isolated absence of MSH6
largely results in loss of single base mismatch repair. Thus, one may not see classical MSI in
tumors associated with isolated MSH6 deficiency [17-20], there may not be dinucleotide repeat
instability, and one could be misled by the consensus panel of microsatellite markers (which
uses three dinucleotide repeats and two mononucleotide repeats) [7]. Some of these tumors
occasionally have only MSI-L [20].

On the basis of the underlying biology of interactions between DNA MMR proteins, one can
explain some of the variable phenotypic spectrum seen in Lynch syndrome. First, germline
mutations in the two major DNA MMR genes, MSH2 and MLHZ1, result in the “classic” form
of Lynch syndrome. In both types of families, one sees typical MSI-H and the full spectrum
of tumors. Germline mutations in the MSH6 gene lead to an attenuated form of Lynch syndrome
with later onset of the tumors [20]. This is presumably because MSH3 dimerizes with MSH2,
which permits partial DNA MMR activity, and delays the appearance of tumors.

Missense mutations in DNA MMR genes may lead to alterations in the enzymatic activity of
the DNA MMR protein, but the protein may still persist in the cell. Although not shown in Fig.
3, certain missense mutations in MLH1 or MSH6 can lead to the translation of a non-
functioning protein that will be detected by immunological techniques. Consequently, one may
detect these proteins using immunohistochemistry (IHC), although the expression may be weak
or heterogeneous in the cancer tissue. Missense mutations are especially common in MSH®6,
whereas deletions of the gene or premature stop codons are more common with MSH2.

For the reasons stated above, loss of MSH3 does not lead to total loss of DNA MMR activity.
In spite of the fact that this gene is subject to somatic mutation in some MSI CRCs [21], no
families with germline mutations in MSH3 have ever been reported, presumably because of
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the strong protective effects of the residual MutSa heterodimer (MSH2 + MSH6). In a similar
fashion, germline mutations in the PMS2 gene lead to an attenuated form of the disease [22—
24]. This is presumably because MLH1 can also heterodimerize with MLH3 or PMS1,
providing sufficient activity to compensate for the absence of the MutLa heterodimer (MLH1
+ PMS2), and retard the onset of disease. Finally, although there have been individuals with
mutations in MLH3 or Exol 1 who have had colon cancers, there are no large, documented
families with Lynch syndrome attributable to these genes [25].

Genotype and phenotype in lynch syndrome

MSH2

MLH1

In the context of the biochemical basis of DNA MMR, it becomes understandable why one
expects a “classic” Lynch syndrome phenotype when the germline mutation occurs in one of
the two “major” DNA mismatch repair genes—MSH2 or MLH1. When there are mutations in
either of these genes, one sees high degrees of penetrance and classic family histories. The
CRCs in these families almost always show MSI, and the offending gene can often be found
using IHC. Some experience with DNA MMR IHC is required to avoid making errors in the
interpretation.

When there are germline mutations in MSH2, one usually sees no expression of MSH2 and
MSHB6 proteins at IHC of CRCs. Most of the mutations in MSH2 create premature stop codons,
altered splice sites, or are large deletions or rearrangements within the gene, which completely
abrogate gene expression. Deletions of exons 1-6 are particularly common, and large deletions
may comprise up to one third of all of germline mutations in MSH2 [26].

Lynch syndrome of the MLH1 type is somewhat more complicated. When MLH1 is lost by a
genetic deletion or a premature stop codon, one sees loss of both MLH1 and PMS2 at IHC.
Most of the CRCs show classic MSI, with rare exceptions (e.g., MLH1 D132H) [27]. However,
the frequency of missense mutations is somewhat higher with MLH1 than in MSH2. Some of
these will lead to a loss of the enzymatic activity of MLHZ1, but expression of the MLH1 and
PMS2 proteins at IHC can be preserved, leading the pathologist to a falsely “negative” reading
(i.e. the protein appears normal). A common scenario is to find weak or ambiguous MLH1
staining, and absent PMS?2 staining; this is most likely to represent a germline missense
mutation in MLH1. Since MLH1 is expressed in lower abundance than MSH2 [28], the staining
is weaker and the pathologist will require some experience in the interpretation of these slides.
Furthermore, DNA MMR protein expression is down-regulated in response to oxidative stress
[29] and hypoxia [30], which further can confound the IHC with this protein.

The use of IHC for PMS2 may be useful in confusing cases of MLH1-type Lynch syndrome.
As mentioned, if there is ambiguity in the interpretation of MLH1 expression, the loss of PMS2
is a useful confirmatory finding. Also, some mutations in MLH1 (specifically, missense
mutations) may leave residual MLH1 expression at IHC, in spite of a total loss of MMR
function. In these instances (which are uncommon), one sees MSI, and PMS2 expression is
absent from the tumor, leading one to the proper diagnosis. Missense mutations in MLH1 can
be difficult to interpret, and are more likely to be pathogenic when they occur in the interactive
domains between MLLH1 and PMS2, between the MutS and MutL heterodimers, or with Exol,
as shown in Fig. 4 [31]. Ultimately, one must consult an accurate data base for each sequence
variation to determine which ones are pathogenic mutations and which are non-pathogenic
polymorphisms. The proper interpretation may require either data from a large pedigree, or the
use of in vitro functional analyses of the variant proteins [32].

Fam Cancer. Author manuscript; available in PMC 2010 March 31.
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The other major complicating feature of MLH1 IHC is the fact that about 15% of all CRCs
show MSI, and most of this is due to the acquired silencing of the MLH1 gene due to promoter
methylation [33]. About 75-80% of the CRCs which show MSI (i.e., 10-12% of all CRCs)
develop MSI due to this acquired defect, and the other 20-25% (i.e., 3-4% of all CRCs) are
due to Lynch syndrome. The acquired silencing of MLH1 usually occurs in older patients, but
occasionally can be found younger ones.

Lynch syndrome of the MSH6 type produces an attenuated phenotype, because of the partial
compensation provided by the MSH3 protein. The cancers in patients with germline mutations
in MSH6 tend to occur later in their lives; therefore, the term “attenuation” is a reference to
age of onset, but not the eventual prevalence of cancer. However, by age 70, 71% of women
with MSH6-type Lynch syndrome will have developed endometrial cancer [20]. Furthermore,
CRCs are as penetrant in this disease as in the classic forms, but tend to occur later in life (mean
age ~56 years) than in classic Lynch syndrome. Just as occurs with MLH1, some missense
mutations in the MSH6 gene will increase the risk for cancer, but the tumors will still show
staining of MSHG6 protein at IHC.

Lynch syndrome caused by germline mutations in PMS2 is the most challenging form of the
disease. These mutations lead to an attenuated phenotype with weaker family histories and
older ages of onset. However, there is some suggestion that germline mutations in PMS2 may
be as common as those in MSH2 [23]. The tumors in PMS2-type Lynch syndrome will show
MSI, and isolated loss of PMS2 staining at IHC. The diagnostic challenge is to distinguish this
disease from certain missense mutations in MLH1 which lead to destabilization and isolated
of the PMS2 protein at IHC [31]. The genetic diagnosis of this disease remains a great challenge
because of the large number of pseudogenes which confound diagnostic DNA sequencing
[34]. Unlike genetic testing for MSH2, MLH1, and MSHS6, there are no commercially available
tests for PMS2 at the time of this writing.

Clinical uses of MSIl in CRC

Approximately 15% of all CRCs show MSI. There are three clinical uses of this information
in CRC patients. The principal use of MSI testing is to find Lynch syndrome, as described
above. Secondly, survival is significantly better in young patients with MSI (Fig. 5). This is
not because these tumors are detected at earlier stages. Improved survival is found at all stages
of disease. Importantly, patients with Stage | or Il CRCs have five year survivals exceeding
90% [35]. The third clinical implication of MSI in CRC is the fact that these tumors do not
have the same response to the administration of chemotherapy as do MSS (or MSI-L) tumors.

Our group demonstrated over a decade ago that CRC cell lines with defective DNA MMR are
relatively resistant to the cytotoxic effects of several drugs, including alkylating agents and 5-
fluorouracil [6,36,37]. In fact, DNA MMR-deficient tumors are broadly resistant to
chemotherapeutic agents that damage DNA [38]. More importantly, one can restore sensitivity
to these DNA-damaging agents by restoring DNA MMR activity, either through stable
chromosome transfer, or by re-expression of the MLH1 gene after exposure to demethylating
agents [15]. As shown in Fig. 6, one sees a significant difference in cloning efficiency for DNA
MMR-deficient cell lines after exposure to either the alkylating agent MNNG [6] or 5-FU
[39]. This was also observed using clonagenic assays after demethylating the MLH1 gene with
5-azacytidine [15]. This led to the suggestion that patients with MSI CRCs would see less
benefit from treatment with 5-FU compared against patients with MSS CRCs.

Fam Cancer. Author manuscript; available in PMC 2010 March 31.
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Clinical confirmation of this has come from several groups, but the concept has not been free
of controversy. Ribic et al. demonstrated in a retrospective study of patients who had been
prospectively randomized into 5-FU-containing chemotherapeutic regimens that those with
MSI CRCs failed to benefit from 5-FU. Moreover, there was a 2-fold, but not statistically
significant, increase in mortality in these patients (Fig. 7) [40]. Similar findings have been
reported by three other groups [37,41,42]. Thus, it is reasonable to exercise caution regarding
chemotherapy in Lynch syndrome patients with Stage I11, or especially Stage I, CRCs. It is
possible that drugs will found in the future that will be selectively beneficial in this disease.

In summary, the biochemistry of the DNA MMR system has been studied in a number of CRC
cell lines, which has helped confirmed the predictions initially made in E. coli and in yeast.
The human DNA MMR system is more complicated than that in lower organisms, in that all
of the human DNA MMR proteins require heterodimerization to function, and selective losses
of individual proteins has differential impact on the MMR system. This complexity in DNA
MMR results in clinical heterogeneity among different families with Lynch syndrome. The
role of DNA MMR in regulating the cell cycle and signaling apoptosis in response to DNA
damage is of particular clinical importance, since these patients require additional
consideration when planning possible cancer chemotherapy.
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DNA MMR (A) Repair of a single nucleotide mismatch in S phase by MutSe. (MutL
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components not shown here) A. The polymerase has erroneously placed a G in the daughter
strand across from a non-complementary T in the template, creating a mismatch. B. The
heterodimer of hMSH2 and hMSH6 (MutSa), bound by ADP and in an open configuration,
monitors newly synthesized DNA strand for mispairs. Upon encountering the G-T mispair, an
exchange of ATP for ADP occurs, and MutSea switches to a closed, sliding clamp along the
DNA. C. The sliding clamps can migrate in either direction from the mispair, and as this occurs,
additional MutSa clamps may be recruited to the mismatch. The MutSa moving in the 5' > 3’
direction will eventually encounter the PCNA-DNA polymerase complex, and according to
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one hypothesis, displace the enzymes involved in DNA synthesis. D. Exonuclease | (together
with MutL homologue heterodimers) excises the newly synthesized daughter strand back to
the site of the mismatch, removing the erroneous G. E. The error is corrected by resynthesis
(from [43], adapted with permission from [44]). (B) Recognition of insertion/deletion errors
at microsatellite sequences by MutSg. Loop-out lesions are caused by “slippage” at repetitive
sequences (such as A, or [CA],) during DNA replication, and are recognized by hMSH2 +
hMSH3 (MutSp). In this illustration, the slippage has created a short “loop out” on the nascent
strand for the A, sequence, which would lead to an insertion frame shift mutation after
replication, whereas the slippage is shown on the template strand for the (CA),, repeat, which
would lead to a deletion mutation after replication (from [43], adapted with permission from

[44])
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Microsatellite Instability Five mononucleotide repeat sequences (NR21, BAT26, NR24, NR27,
and BAT 25) were amplified in a multiplex reaction and separated by HPLC. The upper lanes
labeled “normal DNA” represent DNA from lymphocytes, and the lower lanes labeled “CRC
tissue” represent DNA extracted from the cancer. In each instance shown here, the
microsatellite sequence has undergone a deletion mutation, as indicated by the bold arrow. In
this case, all five microsatellites were mutated, and the tumor was designated MSI-H
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Analysis of MRNA and protein expression of the DNA MMR genes in CRC cell lines with
mutations. The upper panel (labeled RT-PCR) with the dark background represents PCR gels.
Each of the white bands is a PCR product. The lower panel (labeled Western blots) consists of
dark protein bands. There are seven lanes which represent the results from the seven CRC cell
lines, as indicated across the top. SW480 is MMR proficient, and is used as a positive control.
MRNA is present for each of the MMR genes in the upper panels, and proteins are expressed
as shown in each of the lower lanes. (No effective monoclonal antibody was available for
PMS1, therefore there are no Western blots for this protein.) HCT116 cells are mutated and
deficient for MLH1 and MSH3. HCT116+chr3 cells were derived from HCT116 by the stable
transfer of chromosome 3 [12]. This cell line is MMR proficient, but is still MSH3 deficient.
LoVo is an MSH2-deficient cell line. DLD1 is an MSH6-deficient cell line. SW48 is deficient
in MMR activity because both alleles of MLH1 are methylated and silenced. HCT15 is MSH6-
deficient. SW480 (first lane) expresses all six mMRNAs for DNA MMR genes, and all five of
the proteins, and serves as the normal control. HCT116 demonstrates the consequences of an
inactivating mutation in MLH1. The missense mutation creates a weak RT-PCR band for
MLH1 but completely removes the protein band for MLH1 and PMS2 (second lane). As an
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incidental consequence of MSI in this line, MSH3 has undergone a somatic mutation, which
accounts for the weak protein band. Restoration of MLH1 by stable transfer of chromosome 3
inthe HCT116+chr3 cell line results in a restoration of DNA MMR activity, and the appearance
of protein bands for MLH1 and PMS2, as shown in the third lane. There is no change in the
status of MSH3 in this cell line. LoVo has mutations that result in the total loss of the RT-PCR
band for MSH2, and as a consequence, loss of the protein bands for MSH2, MSH6, and MSH3
(fourth lane). The DLDZ1 cell line has a mutation in the MSH6 gene. There is still an mMRNA
for MSH6, but the protein is abnormal, and no band is seen on the Western blot. SW48 has
methylation-induced silencing of the MLH1 gene (lane 6). Consequently, there is no mRNA
for this gene and no protein product for MLH1 or PMS2. Although not shown here,
demethylation of the MLH1 promoter in vitro results in re-expression of MLH1, and restoration
of the protein bands for MLH1 and PMS2. HCT15 was derived from DLD1, and has the same
mutation in MSH6 (lane 7) [16]
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Interaction among the DNA MMR proteins. Each of the MutS homologues (MSH3, MSH6,
and MSH?2) interacts as a heterodimer with the MutL homologues (MLH1, PMS2, PMS1, and
MLH3), acting as heterodimers, and the exonuclease, Exol. Mutations that occur in the
interactive domains may abrogate the ability of these proteins to interact and function in DNA
MMR, but in some instances, the mutations may not lead to destabilization and loss of the
protein product. The interactive domains among the MutS homologues, among the MutL
homologues, and between one another are illustrated here. (taken from Boland and Fishel

[31])

Fam Cancer. Author manuscript; available in PMC 2010 March 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Boland et al.

{a) All Patients with Colorectal Cancer (b} Patients with Stage | Colorectal Cancer
100+ lﬂU-—tl M5
754 o 75 MsS
¥ 8
2 s0q g 2 5o
£ ¢
3 = Stage |
254 254
0 T T T T J 0 T T T T J
0 2 4 [ 8 10 o 2 4 6 B8 10
Years after Diagnosis Years after Diagnosis
Mo aT Risx Mo at sk
MSI 102 86 78 53 29 0 MSI 14 14 13 9 5 0
MSS 485 358 280 183 7% 0 Mss 58 59 51 38 13 0
{(‘:) Patients with Stage |l Colorectal Cancer {d} Patients with Stage |l Colorectal Cancer
100+ 100 4
MS1
754 754
E.E MSS é MS1
3 s04 S s0-
M5S
a Stage 3 Stage Ill
254 25+
o T T T T 1 0 T T T T 1
0 2 4 -] B8 10 L] 2 4 6 8 10
Years after Diagnosis Years after Diagnosis
Mo a7 Risk Mo, at Risk
Ms! a6 44 42 25 15 0 MS! 27 22 19 15 6 0
Mss 127 120 105 72 28 0 Mss 180 143 105 &6 30 0
(e) Patients with Stage IV Colorectal Cancer
100+
754
£
®
> 50+
s Stage IV
&
254
0 T T T T 1
0 2 4 [ 8 10
Years after Diagnosis
Mo AT Risx
Msi 15 ] 4 3 0
MsSs 118 36 19 10 4 o

Fig. 5.

Page 16

Improved survival in young patients who have CRC with MSI. The ten year survival is

significantly better for patients whose CRC tumors are MSI compared with those MSS. As
illustrated, this is true for tumors detected at each of the stages. In each instance, survival in
the top curve is from patients under age 50 with CRC showing MSI [40]
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In vitro evidence for resistance to the alkylating agent MNNG by CRC cell lines with deficient
DNA MMR activity. (A) The cell lines HCT116, HCT116+ch3M2, LoVo, and 2774 are all
DNA MMR deficient, and have intact colony forming ability in the presence of the mutagenic
alkylating agent MNNG. The CRC cell lines SW480 and HCT116+ch3 are DNA MMR
proficient, and cannot form colonies after exposure to 5 uM MNNG [6]. (B) Similarly, after
exposure to 5 uM 5-FU, which is a pharmacologically relevant dose of this drug, the DNA
MMR deficient cell lines all tolerated treatment, where as the DNA MMR proficient cell line
(HCT116+ch3 and SW480) were relatively unable to form colonies. Note that the y-axis is a
log scale [39]. (C) The cell line SW48 is DNA MMR-deficient because of methylation-induced
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silencing of the MLH1 gene. However, after treatment with the demethylating agent 5 aza-dC,
the MLH1 protein is re-expressed, and the cell in rendered MMR proficient. Using a clonagenic
assay, the DNA MMR deficient cell lines (HCT116, HCT116+ch2, and SW48) are all resistant
to the cytotoxic effects of 5-FU, whereas the MMR proficient cell line HCT116+chr3 and
SW48 after demethylation both show sensitivity to 5-FU [15]
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Fig. 7.

Clinical outcomes in CRC patients treated with 5-FU adjuvant chemotherapy depends upon
the DNA MMR status. (A) The upper panel shows survival in patients with Stage 11 or Stage
I11 CRC not given adjuvant chemotherapy. The dotted line on the top cohort (those whose
tumors showed MSI) survived significantly longer than patients whose CRCs did not show
MSI. In the lower panel, the use of 5-FU based chemotherapy results in an improvement in
patients whose tumor are MSS, and the two survival curves converge [40]. (B) Survival was
examined in patients with CRC, and analyzed based upon MSI status. The upper panel shows
the impact of 5-FU based chemotherapy in patients with no MSI. The dotted line shows that
patients treated with adjuvant chemotherapy had a significant improvement in survival.
However, in the lower panel, patients had tumors with MSI, and the addition of 5-FU-based
chemotherapy did not improve survival, and may have resulted in a slight reduction in overall
survival (difference is not significant, P = 0.10). This indicates that 5-FU based chemotherapy
does not provide a survival advantage in patients with MSI CRCs, and helps in the selection
of patients who might benefit best from this intervention [40]
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Mutational targets in CRCs with MSI [8]

Table 1

A10

A9

A8

A6

T10

T9

G8

AlM2
CASPASE 51

MBD43
OGT
SEC63

TGFB1R22

BLM3
CHK13
GRB-142
MLH33

RAD503
RHAMM

Riz1
TCF-42

WISP32

ACTRIIZ
APAF3
BCL-101
hG4-11
MSH33

Riz1

PTEN (two A6 sequences)1~2

OGT

KIAA0971
NADH-UOB

Fam Cancer. Author manuscript; available in PMC 2010 March 31.

Page 20



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Boland et al.

C9

C8

G7

T7

BAx!

IGF2R?

SLC23A1

MSH63

Axin-22

CDX22

FAsL

1 . . .
Gene involved in apoptosis

2 . .
Gene involved with growth control

3Gene involved with DNA repair
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